Eleven enzymes were measured in individual fibers of soleus and tibialis anterior (TA) muscles from two flight and two control (synchronous) animals. There were five enzymes of glycogenolytic metabolism: phosphorylase, glucose-6-phosphate isomerase, glycerol-3-phosphate dehydrogenase, pyruvate kinase, and lactate dehydrogenase (group GLY); five of oxidative metabolism: citrate synthase, malate dehydrogenase, -hydroxyacyl-CoA dehydrogenase, 3-ketoacid CoA-transferase, and mitochondrial thiolase (group OX); and hexokinase, subserving both groups. Fiber size (dry weight per unit length) was reduced about 35% in both muscles. On a dry weight basis, hexokinase levels were increased 100% or more in flight fibers from both soleus and 1A. Group OX enzymes increased 56-193% in TA without significant change in soleus. Group GLY enzymes increased an average of 28% in soleus fibers but underwent, if anything, a modest decrease (20%) in TA fibers. These changes in composition of TA fibers were those anticipated for a conversion of about half of the originally predominant fast glycolytic fibers into fast oxidative glycolytic fibers. Calculation on the basis of fiber length, rather than dry weight, gave an estimate of absolute enzyme changes: hexokinase was still calculated to have increased in both soleus and TA fibers, but only by 50 and 25%, respectively. Three of the OX enzymes were, on this basis, unchanged in TA fibers, but 3-ketoacid CoA-transferase and thiolase had still nearly doubled, whereas TA GLY enzymes had fallen about 40%. In soleus fibers, absolute levels of OX enzymes had decreased an average of 25% and GLY enzymes were marginally decreased. 
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The purpose of this study was to assess the changes due to weightlessness in the enzyme patterns of the individual fibers within the flight muscles.
Segments of individual fibers were dissected from freeze-dried portions of soleus and tibialis anterior (TA)' muscles, and each segment was analyzed for two to eight different enzymes. This allowed direct comparisons of the covariance of enzymes from the same and different systems of energy metabolism in control and flight fibers.
MATERIALS AND METHODS

Source of muscles
The treatment received by the flight and synchronous animals is given in the overview paper (1) .
Preparation of material
Small portions of soleus (slow-twitch) and TA (fasttwitch) muscles (originally frozen in liquid N2) were freeze-dried at -35#{176}C, and 2-3-mm segments of individual fibers were separated as described by Ess#{233}n et al. (2) . These were stored separately under vacuum at -70#{176}C, under which conditions they are stable indefinitely.
Studies were made of more than 100 soleus and 200 tibialis fibers from two synchronous and two flight animals.
Each fiber was analyzed in duplicate for two to eight different enzymes, and the size (tg/mm) was determined.
This involved more than 2700 quantitative measurements.
The work was expedited by a preliminary study which showed that most of the enzymes of interest can be extracted and stored without loss at -70#{176}C in a spe- 
Control activities
In the synchronous animals the fast-twitch glycolytic group of enzymes were 3-to 11-fold higher in TA than soleus muscles (Fig. 1, Table 1 ). Average fiber size was almost the same for both types of muscle.
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the averages for five of the six enzymes of the oxidativehexokinase group were 45-50% higher in soleus than in TA muscle ( Fig. 1 The average size (dry weight per unit length) was about 35% lower in flight than in synchronous muscles of both types (Table 1 ). All the enzyme activities in the tables are based on dry weight. Therefore the absolute enzyme contents of the fibers from flight muscles are on the average 35% lower than would appear from these data (if it is assumed that synchronous and flight muscles were frozen at equal length).
This will be discussed later. In soleus muscle, the only conclusive enzyme change with flight was in hexokinase, which increased an average of 137% on the dry weight basis ( Tables I and 2 compared on the basis of dry weight and on the basis of fiber length. Abbreviations as in Fig. 1 .
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The FASEB Journal MANCHESTER El AL. All but one of the synchronous fibers occupied a domain with a narrow range of LDH values and a wide range of MDH values. In contrast, about half of the flight fibers had moved out of the control domain by a decrease in LDH and in some cases by a modest increase in MDH. Note that half of the control fibers, but only one flight fiber, had an MDH value less than 8 mol kg'h'.
The enzyme patterns for the other flight and control TA muscles were very similar to these. These LDH-MDH patterns are those expected for a change from a population consisting predominantly of fast-glycolytic fibers in the control TA to a mixture of fast-oxidative, fast-glycolytic, and a few slow-twitch fibers in the flight muscle. Also shown in Fig. 6 is the zone occupied by data for six control and six flight soleus muscle fibers from the same two animals.
These data all fall in a single relatively small area with moderate MDH levels and very low LDH. 
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Co-A trans. (Fig. 10) . Although the effect of flight was to increase pyruvate kinase systematically, only 2 of 10 fibers showed a large move away from the control zone, and results for the other flight soleus muscle did not show a major increase in the range for either enzyme. A plot of pyruvate kianse against glycerophosphate dehydrogenase in TA fibers (Fig. 11) is very similar to that of pyruvate kinase against phosphorylase for the same fibers shown in Fig. 9 . Figure  11 is presented because data have also been obtained for these two enzymes in fibers that were typed by the myofibrillar ATPase staining reaction. Frozen cross sections were made from one synchronous and one flight TA muscle. Alternate sections were stained for ATPase or freezedried for quantitative enzyme assay. The stained sections were used as a guide for selection of fibers for these assays. Although type IIB fibers predominated in both synchronous and flight muscles, it was possible to select an adequate number of both IIA and IIB fibers from both muscles, and in addition in the flight muscle a few type I fibers were found and analyzed (Table 3 ). The results indicate that the flight fibers in Fig. 11 with low values for both enzymes are type hA, with an occasional type I fiber, and the remainder are type IIB. 
Absolute changes in enzyme content with weightlessness
As mentioned above, the data presented so far are all based on dry weight, but the flight muscle fibers consistently lost about a third of their dry weight per unit length.
Since fiber length can hardly change except with skeletal growth (and synchronous animals served as controls), basing enzyme contents on fiber length should provide a valid measure of the absolute changes in amount of enzyme if the muscles were frozen at the same fraction of their resting lengths. Figures 3 and 4 compare average levels of enzymes in soleus and TA muscles, respectively, when calculated on either a dry weight or fiber length basis. In soleus muscle (Fig. 3) , the dry weight basis seems to indicate that flight caused a very large increase in hexokinase, with the other enzymes either unchanged or increased. In contrast, on a fiber length basis, it is apparent that although hexokinase increased in absolute terms, the increase was no more than 50%, and that eight of the other enzymes decreased by 10-40%.
Similarly, in TA muscle (Fig. 4) , on a dry weight basis, hexokinase and the enzymes of oxidative metabolism increased with flight by 56-193%, with the glycolytic-glycogenolytic enzymes falling by at most 25%, whereas in absolute terms (fiber length basis) levels of three of the oxidative enzymes were almost unchanged, hexokinase increased but only by 25%, and the increases in the other two oxidative enzymes were reduced to about 90%. The glycogenolytic group of enzymes were reduced by an average of 50%.
DISCUSSION
In spite of the limited numbers of muscles examined, it is apparent that the muscle fibers from the flight animals had undergone major changes in the levels of the 
Average fiber results
The fiber enzymes were least affected by flight in the soleus muscles. Are the changes due to microgravity?
Because there was a 2-day gap between flight termination and removal of the muscles, it is not certain that all the changes can be attributed to weightlessness. Two other factors that may need to be considered are partial recovery and inanition. In this connection, the unique increase of hexokinase in both slow-and fast-twitch fibers may be relevant. During continuous low-frequency stimulation of fasttwitch rabbit muscles, hexokinase was the first of many enzymes to change (6, 11) . Some hexokinase increase was demonstrable within 1 day, and activity more than doubled in 3 days.
Diversity of the enzyme changes
The results show that it may be useful in assessing changes in muscle metabolic capacity to measure more than one enzyme of glycolysis and one of oxidation. This is particularly true in regard to oxidation. 
